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Abstract 
The Monte Carlo Ferromagnetic Ising model was used to study the 
electrical properties of manganese oxides due to the charge ordering 
phase occurring at doping, x = 0.5. The half-doped manganites have an 
insulator antiferromagnetic ground state. We calculated the internal 
energy, specific heat, resistivity and the magneto-resistance, MR, with 
parallel and anti-parallel applied magnetic fields. Our simulation reveals 
that the resistivity decreases exponentially and the electric current 
increases with increasing temperature according the free charge increase, 
to transport from an insulator to conductor phase. The magnetoresistance 
has negative small values with parallel magnetic field but has positive 
high values with unti-parallel magnetic field. The obtained 
semiconductor-metal transition behavior candidates the half-doped 
manganites to be very good semiconductors diode junctions.  
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Introduction: 
Perovskites compounds have attracted much interest from more 
than fifty years because of their various properties that are too important 
to apply in the recent electronic devices such as memory discs and smart 
devices[1-7]. Perovskites compounds such as manganites, namely, 
RE1−xAxMnO3 (RE = rare earth, A = Ca, Sr, Ba and Pb) have attracted 
considerable interests according to the discovery of the colossal 
magnetoresistance (CMR) [8-11] as well as many other exciting phases 
such as the intrinsic ferromagnetism, orbital ordering[12-16], charge–
orbital[17] and charge- ordering phases[18]. Charge-ordering (CO) phase 
occurs mostly in strongly correlated materials such as mixed-valent 
transition metal oxides especially manganites compounds with half-
doping, x=0.5[19]. In this phase, charges are localized on different sites 
leading to a high insulating and an ordered superlattices, where the 
positive charge, Mn4+, alternate with the negative, Mn3+, and are ordered 
antiferromagnetically along the lattice.  
There have been many debates about how is the charge ordering 
patterns [19], some experimental researches showed that charge-ordering 
phase has stripes patterns [20-24], but other many researches [25-32] 
assured that it has a checkerboard configuration. The checkerboard 
charge ordering and the orbital ordering are the result of the Jahn-Teller 
interaction of the eg orbitals with the lattice[27]. Subias et al noted that 
the low temperature phase is described as a checkerboard ordering of two 
types of Mn sites with different local geometrical structures[28]. 
However, theoretical works in this interesting research obtained results 
confirmed that the charge-ordering phase has first order phase with 3d 
antiferromagnetic ground state [33].  
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The charge-ordered is insulating state, which transforms to a 
metallic ferromagnetic state on the application of a magnetic field. It has 
been experimentally obtained [34-36] that resistivity decreases rapidly in 
first order transition from insulator to metal-like at charge-order transition 
temperature, TCO, with different applied magnetic field. RAO et. al. [37] 
theoretically showed the same results that the half-doped manganites 
have resistivity changing from insulator to metal phase in first order 
manner as function of the temperature and as function of an applied 
magnetic field using double exchange model and other theoretical 
methods.  
 
Fig. (1): (Colour figure online)The charge ordering, CO, phase, which occurs in half-doped 
manganites. The empty circles are Mn4+ representing the positive charge and filled circles are 
Mn3+ representing the negative charge 
 
The model: 
Charge-ordering phase occurs in Half-doped manganites showing 
insulator behavior at low temperature. In the charge-ordering ground state 
configuration both Mn3+, the negative charge, and Mn4+, the positive 
charge, order antiferromagnetically in the lattice through the three 
dimensions, as if it is checkerboard ordering, see Fig. (1). Now, we have 
two states interacting electrically to each other, Mn3+ which has an 
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electron occupying the eg orbital, d3z3−r2 and Mn
4+ which has missed an 
electron from the same orbit to create a hole instead. 
The simplest model we can use to describe the interaction between 
these our two states is Ising model. Ising model described earlier [38] is 
usually used to study statistically the interaction between two nearest 
neighbouring states in 2d or 3d. We use in this work the three-
dimensional Ising model with two-states consists of N sites (N=L3) where 
L is the number of sites for every dimension of the lattice, here L=10. 
Because we are interested in the simulation of the 3d Ising model for 
different temperatures and variable applied magnetic field, the 
Hamiltonian can be expressed in the form, 
 
𝑈 = −
𝐽
2
∑ 𝑆𝑖𝑆𝑗 − 𝐻 ∑ 𝑆𝑖
𝑁
𝑖
𝑁
<𝑖,𝑗>                        (1). 
 
Here, <i,j> means that the sum is over the nearest neighbor pairs of atoms 
and Si and Sj are the charges of Mn
3+ and Mn4+ in i and j sites. 
Furthermore, J is the exchange energy between each two nearest 
neighbors. The applied magnetic field is either parallel to the direction of 
the flow of the positive charges, Mn+4, i.e., the direction of the electric 
field or antiparallel to the positive charges, see Fig. (2). Here 1/2 is to 
avoid the double counting along the lattice. 
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Fig. (2): (Colour figure online)The Electric field is applied in either parallel or unparallel to the 
direction of the flow of the positive charges, current i,. The empty circles are positive charges, 
Mn4+, and the filled circles are the negative charges, Mn3+. 
 
Monte Carlo (MC) method and Metropolis algorithm are used to 
simulate our system with averaging performed 106 MC steps. The system 
is antiferromagnetically ordered along the three direction, so that the 
symmetry is broken at the charge ordering transition temperature, TCO. 
We obtained Results by both cooling down from a high-temperature 
random configuration as discussed by Banavar et. al. [39] and heating up 
from the antiferromagnetic, AF, ground state. The results of both cooling 
and heating are consistent. 
Results and Discussion 
Studying the electrical and magnetoresistance properties for the 
half-doped manganites is very important because of its interesting 
application in the electronical devices. As we noted above we use here 
the Ising model to study the interaction between charges ordering in the 
lattice of the half-doped manganites and to show how they contribute to 
6 
 
the charge current along the lattice with the change of the temperature 
and the applied magnetic field. 
The internal energy, E, of our system, as a function of KBT/J at 
both parallel and anti-parallel applied magnetic field, H, is shown in Fig. 
(3). The internal energy is always decreasing with increasing of the 
temperature in a weak first order transition from parallel magnetic field to 
strong first order transition at antiparallel magnetic field. It could be 
attributed to the increasing of the number of the free charges those iterate 
through the lattice contributing to the electric current. At zero-
temperature the internal energy equals zero for all values of the magnetic 
fields, but at high temperature, TH, the internal energy obey the following 
formula: 
𝐸(𝑇𝐻) = −
1
2
(
6𝐽
2
)                   (2)
 
Fig. (3): (Colour figure online)Internal energy, E, as a Function of KBT/J at both parallel and anti-
parallel applied magnetic fields for 3-d Two-states Ising model.  
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At T→ ∞, E →
6𝐽
4
= 1.5 energy unit. That means that only the quarter of 
charges are ordered at high temperature. 
 
 
Fig. (4): (Colour figure online) Specific heat, CV, as a function of KBT/J at both (a) parallel and (b) 
anti-parallel applied magnetic fields for 3-d two-states Ising model.  
The dependence of the specific heat, CV, of the temperature 
(KBT/J) in half-doped manganite is shown in Fig. (4) for both parallel, 
Fig. 4(a), and anti-parallel, Fig. 4(b), different applied magnetic fields.   
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It is noticed from Fig. 4(a) that the specific heat has very large maximum 
value at high parallel fields, i.e., at H =1.0 and 0.8 compared with the rest 
of the applied magnetic field range, but the maximum value decreases 
with the decreasing H until the end of the anti-parallel range as shown in 
Fig. 4(b). Also one can see from the specific heat results that the 
transition is a second order transition along the range of H except at 
H=1.0 and 0.8 it has a first order transition. 
From CV results, we can obtain the charge ordering transition 
temperatures, TCO, of our system. Fig. (5) Shows the effect of the applied 
magnetic fields on the charge ordering transition temperatures TCO. We 
could deduce from the results that TCO decrease with increasing H as 
follow: 
𝑇𝐶𝑂 𝛼 𝐻
𝛾                             (3). 
After fitting the H-TCO results we got, 𝛾 = −2.23 ± 0.06 and the 
intercept = 2.172 ± 0.09.
 
Fig. (5): (Colour figure online)The charge ordering transition temperature, TCO, as function of the 
applied magnetic field. 
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When the temperature increase the localized charges of Mn3+ free and 
contribute to the current and become positive charges, Mn4+, then  the 
resistivity decreases dramatically with increasing the temperature as 
shown in Fig. (6). The resistivity decreases in first order pattern and 
shows semiconductor-like behavior for all values of the applied magnetic 
fields except for H = 0.8 and 1.0 the resistivity decreases very slowly as it 
becomes too small compared to its values along the range -1.0 ≤ H ≤ 0.6. 
The resistivity is calculated from the charge obtained from our simulation 
as follow: 
𝜌 = 𝑘/𝑞                                  (4). 
k is a constant, k = vtd, where we considered the voltage difference is a 
constant and d is the sample thickness. We put the time, t = 1. but at  high 
T the resistivity tends to be too small along the  range of H.  
At low T, ρ has values of order 104 which agree with the theoretical[40] 
and experimental published results for Sm1/2Ca1/2MnO3[41,42], Pr1-
xCaxMnO3 [43,44], La0.5Ca0.5MnO3[45] and Dy0.5(Sr1−xCax)0.5MnO3[46] 
 
Fig. (6): (Colour figure online)The resistivity, ρ, as a function of KBT/J at both parallel and anti-
parallel applied magnetic fields. 
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Fig.(7) (Colour figure online)Magnetoresistance as function of  Temperature with parallel magnetic 
field (a) and unti-parallel magnetic field (b). 
 
Magnetoresistances as function of temperature at different values of 
applied parallel and unti-parallel magnetic fields are shown in Fig 7(a) 
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and fig. 7(b) respectively. The magnetoresistance, MR, could be 
calculated from the following equation: 
𝑀𝑅 =
𝜌(𝐻)−𝜌(0)
𝜌(0)
                             (5), 
where ρ(H) is the resistivity with non-zero magnetic field and ρ(0) is the 
resistivity with zero magnetic field. It is found from Fig. 7(a) that when 
we apply the magnetic field in parallel to the charge current the MR has 
small and negative values. Besides, It increases with increasing 
temperature in first order manner until TCO. In addition, after TCO MR 
becomes stable gradually with temperature, while MR decreases with 
increasing the applied magnetic field. At parallel magnetic field, the 
resistivity becomes smaller than the resistivity at H = 0, so that MR is 
negative. 
When we apply unti-parallel magnetic field as shown in fig. 7(b) 
MR increases linearly with T until it reaches TCO, whereas after TCO, it 
decreases promptly. MR has positive and higher values than those of MR 
at parallel magnetic field. The resistivity, in case of unti-parallel H is 
found to be higher than that of  H = 0, so that MR is positive.  
MR has very small and negative values when the magnetic field is 
applied in parallel, while it has considerable and positive values when the 
magnetic fields is applied in unti-parallel to the charge current. This is the 
semiconductor-like behavior where the resistivity has high values at low 
temperature, decreases exponentially with the temperature and does not 
obey the Ohm's law as shown in Fig. (6).    
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Fig. (8): (Colour figure online)The electric current, i, as a function of KBT/J at both parallel and anti-
parallel applied magnetic fields. 
Fig. (8) shows that the charge current in half-doped manganites 
increases in second order transition along the whole range of H, except 
for H=0.8 and 1.0 it increases rapidly in a first order manner where the 
magnetic field strength overwhelm the entire charge bonds to orient them 
easily in order to contribute to the electric current. The current varies 
from zero to 25x10-3 of the current unit. The current could be calculated 
from our simulation as following: 
I = q/t                       (6). 
We put t = 1. It is noticed that the current increases quickly with 
increasing of the applied magnetic field until the transition temperature, 
TCO, after that the current saturates gradually before it stabilize at very 
high temperature.  
Figure (9) shows the relation between the charge current and the 
applied magnetic field at a constant temperature, KBT/J =2, which is 
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specified by a vertical dashed line in Fig. (8). We can deduce how the 
current depend on H, 𝐼𝛼𝐻𝛽  , by fitting the I-H results as shown in Fig. 
(9). We obtained β = 0.0128. 
 
Fig. (9): (Colour figure online)The current as function of magnetic field at KBT/J=2. The red line is the 
fitting of the I-H results. 
We can interpret our results in light of the existing of a specific 
strong competition between the electron-lattice and the double 
exchange interaction. The strong electron-lattice interaction prefers the 
localization of charge carriers, in the same time the double exchange 
ferromagnetism requires the active hopping of charge carriers. 
Therefore, it is the competition between these two interactions that is 
mainly responsible for the charge transport properties and the settling 
of CO states.  
The role of the applied magnetic field is to align spins along its 
direction and thus results in the increase of the effective strength of 
double exchange interaction, which in turn improves the FM coupling 
between neighboring Mn spins with the mobility of charge carriers, 
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increasing the entire size of the FM domains and reducing that of the 
insulating CO domains. The metallic FM domains are spread in the whole 
sample, taking us to a dramatic decrease in the resistivity[47,48].  
Conclusion 
Many manganites have charge ordering phase at half-doping which is very 
important phase for a lot of artificial application in electronic devices. In this work we 
used two states 3-d Ising model to study the electrical properties and 
magnetoresistance with and without applied magnetic field for the manganites with 
the charge ordering phase. 
Our results showed semiconductors-metals transition at TCO  with first 
ordering manner at most of applied magnetic fields. The applied magnetic field 
effects on the studied properties are appeared clearly. The charge of the current 
increases with increasing the magnetic field with an order equal to 0.0128, while the 
TCO  decreases with increasing of the magnetic field with an order equal to -2.23.  
The magnetoresistance is negative and very small when the magnetic field is 
applied in parallel to the charge current but it is high and positive with anti- parallel 
magnetic field. MR results confirm that half-doped manganites have semiconductors 
like behavior.  
We interpreted our results in light of the specific strong competition between the 
electron-lattice and the double exchange interaction which reduce the insulating CO 
domains and increase the entire size of the FM domains that spread in the whole 
sample, taking us to a dramatic decrease in the resistivity. 
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